A new type detector, called 'Self-TOF detector', has been developed for high energy neutron spectrometry behind a shield by our group. The detector consists of a veto counter, a set of radiators with 20 thin detectors, a start counter and a stop counter of nine segments. The measurement of the detector response function for high energy neutrons and the concrete shielding experiment were done at the HIMAC(Heavy-Ion Medical Accelerator in Chiba) of NIRS(National Institute of Radiological Sciences), Japan. Neutron spectra were also compared with the LCS(LAHET Code System). Both results are in rather good agreement within a factor of 2.
I. Introduction
Recently, the particle accelerator becomes higher in intensity and energy with increasing the utilization for various applications, such as high-intensity neutron source. For such facility design, the shielding of high energy neutrons produced frorn a rnagnet,a bearn durnp and a target is important because of their strong penetrability. The information on neutron attenuation with good accuracy is also quite essential in order to rninirnize the shielding cost of the facility building. But there are few reports on high energy neutron shielding experiment. One of that reason is the limitation of the available active neutron detector having reasonable resolution in high energy region.
The rnulti-rnoderator detectors have often been used in the shielding experiments, but the response functions of the detectors scarcely change for neutrons over 20 MeV. Furthermore, the neutron spectrum obtained by the unfolding method strongly depends on the initial guess spectrum. An organic liquid scintillation detector has also been used in the shielding experirnent(l). If the range of recoil proton frorn neutron reaction, however, exceeds the detector length, the unfolded spectrum does not give the true spectrum because the detector response function becomes almost similar beyond that energy. The uppermost energy to be detectable with the usual scintillator is about 100 MeV.
This means that high energy neutrons outside the shielding has been very difficult to be measured so far, and we therefore developed a new type detector, called 'Self-TOF detector', for high energy neutron spectrometry behind a shield( 2 ). Figure 1 shows the schematic view of the detector. The detector consists of a veto counter(150 mrn x 150 rnrn x 5 rnrn thickness), a set of radiators with 20 thin detectors(lOO rnrn x 100 rnrn x 6 rnrn thickness), a start counter(lOO rnrn x 100 rnrn x 6 mrn thickness), and a stop counter of nine segrnents(200 rnrn x 200 mrn x 20 rnrn thickness each), which is set on a plane perpendiculer to the neutron bearn. These detectors are all NE102A plastic scintillators. An in-corning neutron produces charged particles in the radiator, then the charged particles emitted in the forward direction reach the stop counter through the start counter. The energy of a charged particle is determined by using the time-of-flight method between the start and stop counters. In this detector, we selected only proton events frorn H(n,p) and C(n,p) reactions and the proton energy spectrum was converted into the neutron energy spectrum by unfolding using the detector response function.
II. Materials and Methods
III. Experiment ( 1)
Measurement of detector response function
The rneasurernent of the detector response function for high energy neutrons was done at the HIMAC(Heavy-Ion Medical Accelerator in Chiba) of NIRS(National Institute of Radiological Sciences), Japan. 516.5 cm downstream the target and the distance between the start and the stop counters was 1.2 m. It is already known that this radiation field has a lot of charged particles generated by fragmentation reactions( 3 l. The iron collimator of 60 cm x 60 cm x 40 cm thickness with a hole of 10 cm x 10 cm was set in front of the Self0 TOF detector to decrease the contribution of charged particles incident to the Self-TOF detector and also to put neutrons almost normally into the detector. The veto counter was placed in front of the radiator(RAD) to discriminate charged particles from neutrons.
Data analysis
The signals from the detectors were acquired using a CAMAC system with a data-taking software KO-DAQ(Kakuken Online Data Acquisition System) developed by Omata et a1( 4 ). The light output data were stored by the ADC. The time-of-flight of a charged particle between the start and stop counters was measured by the TDC. The all data were recorded in an event by event mode when a trigger signal was generated by a coincidence signal between the start and stop counters.
The data were analyzed as follows. (i)Select only the proton events generated in the radiators with using the light output data of the veto and the most downstream radiator (the 20th radiator, RAD20). (ii)Select the events caused by the single 12 C primary ion with using the light output data of the beam pick-up detector. (iii)Convert TOF spectrum into proton energy spectrum. 
Calculation of the response function
The measured response functions in the energy range of 60 to 800 Me V were compared with those calculated with the LCS( 5 ) (LAHET Code System). The neutron source was simulated as a 10 cm x 10 cm plane source. The results traced were recorded only for a proton which generated in the radiators and passed through the start counter, and reached the stop counter. The detector response of a neutron corresponds to the proton current crossed the surface of the stop counter because the detection efficiency of the counter for a charged particle is almost 100 % . 
IV. Experiment ( 2)
1. Measurement of neutrons penetrated through concrete shield The concrete shielding experiment was also done at HIMAC. The experimental arrangement was the same as in Fig. l . The shield has 100 x 100 cm size and 50, 100, or 150 cm thickness. The shield was set between the target and iron collimator(See Fig.I ). The neutrons were produced by bombarding 400 MeV /nucleon 12 C ion on the 5 cm thick copper target. The transmission-type ionization chamber was placed behind the end window of beam line as a beam monitor.
Data analysis
In the data analysis, proton energy spectra can be obtained as mentiond above. We then get the neutron spec- tra by using the FERDO-U unfolding code( 5 ) with the measured response functions. Since in this Self-TOF detector the proton energy spectra data were used instead of the usual light output data, we could measure higher energy protons which were produced by higher energy neutrons beyond the uppermost energy coming from the finite detector length as described before. Neutron spectra behind the shielding were also compared with the LCS. The measured data by Kurosawa et a1C 3 ) was used for the source neutron spectra in this calculation. The neutron spectra on the front surface of the radiator were obtained. In Fig. 7 , the neutron spectra cannot be seen below 100 MeV, and above 600 MeV without shield, and above 400 MeV with shield. This may be caused by the incomplete response function for high energy (above 400 MeV) neutrons(see Fig. 6 ). In the experiment(l), we could not get enough neutron fluence above 400 Me V due to relatively short running time. On the other hand, for neutrons below 100 MeV, the detection efficiency decreased steeply because a proton which was generated from the upstream radiator stopped in the following radiators. Comparison of the measured and calculated neutron fluences between 100 MeV and 400 MeV at each shielding thickness, and of the attenuation lengths of neutrons is indicated in Table 1 . Both results are in rather good agreement within a factor of 2 margin of accuracy. But the LCS results tend to overestimate with increasing the thickness. The experimantal attenuation length of neutrons above 100 Me V was 84.9 g/cm 2 for concrete.
VI. Conclusion
A new type detector for high-energy neutron spectrometry was developd. With these experiments and calculations, we identified the Self-TOF detector is available for high energy neutron spectrometry outside the shield. But there are some problem in response function and we need to measure the response function for higher energy neutrons. We are now trying to find how to measure the neutrons below 100 Me V and planning the iron shielding experiment at HIMAC.
